Objectives: This study aimed to investigate the molecular mechanisms underlying the positive role of treadmill training (TMT) in locomotor recovery. Methods: GSE52763 microarray data were downloaded from GEO database, which was collected from the lumbar spinal cord samples of three groups of mice: mice subjected to contusive injury and killed 1 week after injury (I1), mice subjected to injury and killed 3 weeks after injury (I3), and mice subjected to injury and TMT beginning at week 1 and lasting until week 3 (T3). Differential expression analysis between I3 and I1, between T3 and I1 and between T3 and I3 were performed by T-test using R/LIMMA. Genes with |log 2 FC (fold change)|40.58 and P-valueo0.05 were considered as differentially expressed genes (DEGs). Specific I3 vs I1 DEGs and T3 vs I1 DEGs were screened. Then TMT-induced specific DEGs were subject to functional and pathway enrichment analysis using DAVID online tool. Protein-protein interaction (PPI) analysis was also carried out using the STRING database. Results: Finally, 82 upregulated DEGs and 297 downregulated DEGs were found specifically induced by TMT. Specific upregulated DEGs were mostly enriched in response to organic substance and morphogenesis-related events, and specific downregulated DEGs were related to positive regulation of transcription. ATP2A1, PRKACA, ITPR2 and so on had high connection degree in the PPI network of the specific upregulated DEGs; FOS, GSK3B and so on had high degrees in the PPI network of the specific downregulated DEGs. Conclusion: ATP2A1, C-FOS and GSK3B may have critical roles in the positive role of TMT in locomotor recovery.
INTRODUCTION
Spinal cord injury (SCI) refers to any injury to the spinal cord that can cause sensory and motor dysfunctions, with symptoms varying from pain to paralysis even to incontinence. Aside from lifetime deficits in locomotion, patients with SCI also have to bear huge financial burden. 1 However, no satisfactory strategies for locomotor recovery have been presented so far.
Physical exercise has been applied for the recovery of motor function after SCI. Forssberg et al. 2 first reported that the treadmill training (TMT) notably promoted the locomotor recovery in spinalized cats following SCI. Rossignol and collaborators have undertook many studies on TMT, especially the kinematics and the electromyographic activity during treadmill locomotion, mainly in cats. [3] [4] [5] In a systematic review of exercise applied to locomotor recovery, Battistuzzo et al. 6 have demonstrated that TMT has superior performance in locomotor recovery as compared with other exercise types (body weight-supported TMT, voluntary wheel running and swimming) in different animal models of SCI, with positive outcomes in 100% of both rats and cats. However, the molecular mechanisms underlying the positive role of TMT in locomotor recovery have not been well elucidated.
Shin et al. 7 investigated the mechanisms underlying the positive role of TMT in locomotor recovery using microarrays. Based on the genes differentially expressed at either 1 or 3 weeks after SCI, they found that the most robust upregulation was observed in genes related to immune or inflammation responses; more strikingly, the elevated expression of many inflammation-related genes was sustained in mice subjected to TMT and TMT upregulated the expression of neuroplasticity-and angiogenesis-related genes that were downregulated after SCI. 7 Herein, using the microarray data submitted by Shin et al., 7 we attempted to further investigate the molecular mechanisms underlying the positive role of TMT in locomotor recovery from a protein-protein interaction (PPI) perspective.
MATERIALS AND METHODS

Source of microarray data
The GSE52763 microarray data were downloaded from GEO database (GEO, http://www.ncbi.nlm.nih.gov/geo/). This data set was collected from lumbar spinal cord samples of three groups of mice: mice subjected to contusive injury and killed 1 week after injury (n = 4, I1), mice subjected to contusive injury and killed 3 weeks after injury (n = 4, I3) and mice subjected to contusive injury and TMT beginning at week 1 and lasting until week 3 after injury (TMT of 2-week duration) (n = 4, T3).
As described by Shin et al. 7 in their original study, rats were first subjected to a dorsal laminectomy at the ninth thoracic vertebral level (T9) to expose the spinal cord and then contusion injury was performed by mechanical impact with a force of 200 kdyn. The rats were able to walk without auxiliary support at a slow speed (5 m min − 1 ) prior to TMT. TMT was performed in the Flat Treadmill System (Model, IW-FT; IWOO Scientific Corporation, Seoul, Korea) for rats in combination with electric stimulation. Electric shocks of 1.2 mA were applied when an animal was not walking and displaced to the end of its runway, which were required several times on the first day of training, but were rarely applied after a few days. As locomotion was improved, the belt speed was gradually increased to 12 m min − 1 during the first week and maintained at this level until the end of training. TMT was performed daily for 14 days, with each session lasting 30 min. Locomotor recovery was assessed using Basso, Beattie and Bresnahan test. Please refer to the original study 7 for details.
Identification of differentially expressed genes (DEGs) and specific DEGs
The downloaded data were first subject to background correction, quantile normalization and probe summarization by the RMA ( robust multiarray average) method 8 using R/Affy package. 9 Next, differential expression analysis between I3 and I1, between T3 and I1 and between T3 and I3 was performed by T-test using the R/LIMMA (linear models for microarray data) package. 10 Genes with |log 2 FC (fold change)|40.58 and P-valueo0.05 were considered as DEGs. DEGs between I3 and I1 (I3 vs I1 DEGs) and DEGs between T3 and I1 (T3 vs I1 DEGs) were further compared by screening the common ones. Specific I3 vs I1 DEGs or specific T3 vs I1 DEGs were further obtained via subtracting the common DEGs, respectively. The results were visualized using Venn plots. 11 Functional annotation and pathway enrichment analysis of specific DEGs DAVID (Database for Annotation, Visualization and Integrated Discovery) is an online tool integrating a comprehensive set of functional annotation tools that allows researchers to systematically extract the biological meaning from large gene/protein lists. 12 The specific DEGs were submitted to DAVID for functional and pathway enrichment analysis based on Gene Ontology (GO) 13 and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway databases (Po0.05). 14 
Construction of PPI network
To better understand the specific DEGs from an interactive respective, we used STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) online tool to construct an interaction network of their protein products. 15 Combined score 40.4 was set as the cutoff for PPI. The connection degree of each protein in the network was also calculated. The resulting network was visualized using the Cytoscape software (version 2.8.3, National Institute of General Medical Sciences (NIGMS), Bethesda, MD, USA). 16 
RESULTS
TMT improved locomotor recovery after thoracic SCI As described by Shin et al., 7 rats exhibited enhanced locomotor recovery and higher-quality overground locomotion as they were subjected to TMT. The locomotor improvement induced by TMT was statistically significant compared with control rats.
Screening of DEGs and specific DEGs
Finally, 16 upregulated DEGs and 36 downregulated DEGs were identified between the I3 and I1 groups (I3vs I1 DEGs), 89 upregulated and 325 downregulated between the I1 and T3 groups (T3vs I1 DEGs) and 12 upregulated and 52 downregulated between the T3 and I3 groups (T3 vs I3 DEGs), indicating that TMT has induced alteration in the expression of a substantially larger number of genes. The Venn plot revealed 35 common DEGs between T3 vs I1 DEGs and I3 vs I1 DEGs, among which 7 were upregulated and 28 were downregulated (Figure 1) . Finally, 82 upregulated T3 vs I1 DEGs and 297 downregulated T3 vs I1 DEGs were found specific, and 9 upregulated I3 vs I1 DEGs and 8 downregulated I3 vs I1 DEGs were found specific (Table 1) .
GO functional annotation and KEGG enrichment analysis of the specific upregulated genes and downregulated regulated genes According to GO functional annotation, the specific upregulated DEGs were mostly enriched in biological processes related to response to organic substance (vitamin, vitamin A, lipopolyaccharide, nutrient) and endogenous/extracellular stimulus, as well as morphogenesisrelated events (Table 2 ). According to the KEGG pathway enrichment analysis, three DEGs IGF1, PRKACA and ITPR2 were significantly enriched in the pathway oocyte meiosis (rno04114).
Meanwhile, GO functional annotation revealed that the specific downregulated T3 vs I1 DEGs were related to positive regulation of transcription (Table 3) . And some of the downregulated DEGs were enriched in two KEGG pathways: rno05200:Pathways in cancer (FOS, MAX, BCR, PTGS2, MMP9, GSK3B, CBL and RUNX1T1) and rno04660:T-cell receptor signaling pathway (FOS, GSK3B, CBL, MAP3K8 and NFAT5), according to the pathway enrichment analysis.
Construction of PPI network and module analysis
The PPI network of the specific upregulated T3 vs I1 DEGs includes 31 interaction pairs (Figure 2) , and the top eight proteins with the highest connection degree were ATP2A1 (degree = 6), Figure 1 Comparison between T3 vs I1, I3 vs I1 and T3 vs I3 DEGs by Venn plot. T3 vs I1 DEGs represents DEGs between mice subjected to contusive injury and killed 1 week after injury (I1) and mice subjected to contusive injury and TMT beginning at week 1 and lasting until week 3 after injury (T3); I3 vs I1 DEGs represents DEGs between mice subjected to contusive injury and killed 3 weeks after injury (I3) and mice subjected to contusive injury and TMT beginning at week 1 and lasting until week 3 after injury (T3); T3 vs I3 DEGs represents DEGs between mice subjected to contusive injury and killed 3 weeks after injury (n = 4, I3) and mice subjected to contusive injury and TMT beginning at week 1 and lasting until week 3 after injury (T3). MYOZ1 (degree = 6), TNNI2 (degree = 6), PRKACA (degree = 5), ACTN3 (degree = 5), CKM (degree = 4), MYH4 (degree = 5) and ITPR2 (degree = 2). The PPI network of the specific downregulated T3 vs I1 DEGs comprises 335 interaction pairs (Figure 3) , and the top eight proteins with the highest connection degree to other proteins were FOS (degree = 22), ASHLL (degree = 21), MEF2A (degree = 20), GSK3B (degree = 13), DDX6 (degree = 22), CSNK2A1 (degree = 20), ZC3H13 (degree = 14) and ESF1 (degree = 13).
DISCUSSION
Using the microarray data submitted by Shin et al., 7 we focused on genes whose differential expression was specifically induced by TMT and attempted to elucidate their roles in TMT-induced locomotor recovery from a PPI perspective in the present study. It was found that a notably larger number of genes showed differential expression in mice subject to TMT compared with those that were not subjected to; furthermore, the upregulated specific DEGs in mice undergoing TMT are functionally related in response to organic substance (vitamin, vitamin A, lipopolyaccharide, nutrient) and endogenous/extracellular stimulus, as well as morphogenesisrelated events, and the specific downregulated T3 vs I1 DEGs were mainly related to positive regulation of transcription.
In the present study, the upregulated specific DEGs in mice undergoing TMT are functionally related in response to organic substance (vitamin, vitamin A, lipopolyaccharide, nutrient) and endogenous/extracellular stimulus, as well as morphogenesis-related events. This is consistent with a previous finding that the expression of neuroplasticity-and angiogenesis-related genes was upregulated by TMT, 7 implying that the positive role of TMT in locomotor recovery may be related to its beneficial effect on neuronal regeneration. Among these genes, ATP2A1 encodes an intracellular calcium pump ATPase 1, which is located in the sarcoplasmic or endoplasmic reticula of muscle cells. This protein is involved in muscular excitation and contraction, and mutation in human ATP2A1 gene has been reported to cause Brody disease, a rare disorder characterized by impaired skeletal muscle relaxation. 17 This gene was expressed in neural stem cells. 18 Its upregulation in mice subject to TMT indicates that it may have a positive role in locomotor recovery following TMT. Additionally, we also observed the upregulated expression in another two genes PRKACA and ITPR2. PRKACA encodes the catalytic subunit α of a cAMP-dependent protein kinase A that can activate substrate via phosphorylation at serine or threonine residue. 19 Meyer et al. 20 have reported a noted increase in its expression within the anterior horn of murine lumbar spinal cord and presented that this gene is closely associated with motor neuron disease. ITPR2 encodes inositol 1,4,5-trisphosphate receptor, type 2, a calcium channel expressed in the endoplasmic reticulum, 21 which is one of the main regulators of intracellular calcium concentrations in neurons. 22 The overexpression of this gene was said to be responsible for the apoptosis of motor neurons. 23, 24 The upregulation of these two proteins may suggest that the apoptosis of motor neurons continues in mice with TMT, which seemingly conforms to the finding that the inflammation was not weakened in mice subjected to TMT. 7 Among the specific downregulated TMT-induced genes, FOS encodes C-FOS transcription factor protein that can form heterodimer activator protein 1 with C-JUN (a JUN family of transcription factors) 25, 26 and activator protein 1 regulates gene expression in a wide range of biological events. 27 C-FOS has been suggested as a marker for neuronal activity. 28, 29 Previous studies have consistently reported the increase in these two proteins in the spinal dorsal horn shortly (around a week) following SCI. 30, 31 However, the dynamics and site of its long-term expression remain controversial, [32] [33] [34] indicating a complex role of this protein after SCI. Here mice subject to TMT showed a decrease in C-FOS level 3 weeks after SCI, supporting the view that this immediate early protein has been downregulated after 2 weeks of exercise; although differential expression was not observed in C-JUN. Another downregulated gene GSK3B encodes GSK3β, one of the two glycogen synthase kinase-3 isoforms which inhibits axon growth. 35 However, the role of this kinase in neural development may be complex. Inhibition of GSK3β can promote the regeneration of CNS axons in SCI animal model 36 while robust inhibition of this enzyme may impair axon regeneration. 37 Furthermore, Parkitna et al. 38 have reported that intrathecal injection of GSK3β inhibitor can restore the analgesic effect of morphine in morphine-tolerant rats, thus GSK3β inhibition is supposed to alleviate neuropathic pain. 39 Here GSK3β downregulation was observed in mice subject to TMT, implying that TMT can reduce GSK3β expression, which may not only benefit neuronal regeneration but also ameliorate the neuropathic pain. In the present study, both C-FOS and GSK3β were significantly enriched in the two pathways: pathways in cancer and T-cell receptor signaling pathway. This suggests that TMT may benefit locomotor recovery via reducing the expression of some key genes involved in these two pathways.
Taken together, the mechanisms underlying TMT's positive role in locomotor recovery may be complex. TMT seems to benefit neuronal regeneration by regulating related genes, especially ATP2A1, C-FOS and GSK3B; the proteins encoded by these genes were speculated to Figure 2 The PPI network of the specific upregulated T3 vs I1 DEGs. T3 vs I1 DEGs represents DEGs between mice subjected to contusive injury and killed 1 week after injury (I1) and mice subjected to contusive injury and TMT beginning at week 1 and lasting until week 3 after injury (T3). A full color version of this figure is available at the Spinal Cord journal online.
interact with many other specific proteins according to the PPI analysis, indicating their critical roles in locomotor recovery following TMT. Nevertheless, TMT seems not to change some adverse events following SCI in mice, such as apoptosis of motor neurons. However, our findings need to be validated by further experimental proofs and thus should be taken prudently at present.
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